Objectives: We tested the hypothesis that the attenuated heart rate (HR) response to sympathetic activation following swim training in the guinea pig (Cavia porcellus) results from a peripheral modulation of pacemaking by nitric oxide (NO). Methods: Nitric oxide synthase (NOS) inhibition on the increase in heart rate with sympathetic nerve stimulation (SNS) was investigated in the isolated guinea pig double atrial / right stellate ganglion preparation from exercise trained (6-weeks swimming, n520) and sedentary animals (n520). Western blot analysis for neuronal nitric oxide synthase (nNOS) was performed on the stellate ganglion from both groups. Results: Relative to the control group, the exercise group demonstrated typical exercise adaptations of increased ventricular weight / body weight 3 ratio, enhanced skeletal muscle citrate synthase activity and higher concentrations of [ H]ouabain binding sites in both skeletal and cardiac tissue (P,0.05). The increase in heart rate (bpm) with SNS significantly decreased in the exercise group (n516) compared to the sedentary group (n516) from 3065 to 1763 bpm at 1 Hz; 6767 to 4764 bpm at 3 Hz; 8569 to 6364 bpm at 5 Hz and 10169 to 7865 bpm at 7 Hz stimulation (P,0.05). The increase in heart rate with cumulative doses (0.1-10 mM) or a single dose (0.1 mM) of bath-applied norepinephrine expressed as the effective doses at which the HR response was 50% of the maximum response (EC ) were significantly more nNOS protein in left stellate ganglion compared to the sedentary group. In the exercise group, the non-isoform selective NOS inhibitor, N-v nitro-L-arginine (L-NA,100 mM) caused a small but significant increase in the heart rate response to SNS. However, the positive chronotropic response to sympathetic nerve stimulation remained significantly attenuated in the exercise group compared to the sedentary group during NOS inhibition (P,0.05). Conclusions: Our results indicate that there is a significant peripheral pre-synaptic component reducing the HR response to sympathetic activation following training, although NO does not play a dominant role in this response.
Introduction
affinity or a reduction in central sympathetic outflow is unclear [11, 33] . Exercise training is associated with enAerobic exercise training reduces the heart rate response hanced endothelial NO synthase (eNOS) gene expression to sub-maximal work rates [2, 9, 28] . Whether this occurs [31, 42] and endothelial production of NO in coronary via a peripheral modulation of sympathetic activity, a microvessels and skeletal muscle arteries [16, 22] . There is reduction in cardiac b-adrenoceptor density and agonist also considerable evidence indicating that NO exerts an inhibitory effect on the peripheral sympathetic control of cardiac function. Inhibition of endogenous NO production *Corresponding author. Tel:. 144-1865-272-481; fax 144-1865-282-with non-isoform specific and neuronal NOS (nNOS) 510. inhibitors increases both the release of norepinephrine E-mail address: ravi.mohan@physiol.ox.ac.uk (R.M. Mohan) or david.paterson@physiol.ox.ac.uk (D.J. Paterson) 1 Both authors made an equal contribution to this paper.
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(NE) during cardiac sympathetic nerve stimulation (SNS) 2.3. Indices of exercise training in the isolated rat heart [29] and the heart rate response to SNS in-vivo [12, 30] . These findings suggest that enhanced Oxidative enzyme activity [2, 35] and skeletal muscle 1 1 NO production could contribute to the reduction in cardiac Na / K pump concentration [8, 20] are increased with sympathetic activity following exercise training.
physical training, therefore these were chosen as markers Therefore, the aims of this study were to investigate of a training effect. whether exercise training modulates the peripheral sympathetic control of heart rate in the guinea-pig atria and 2.3.1. Citrate synthase activity whether NO affects the HR response to peripheral sympaLatissimus dorsi and ventricular tissue samples were thetic activation following training. Some of these findings analysed for mitochondrial citrate synthase from whole have been presented in abstract form [5] .
muscle homogenates using the methodology previously described [1, 32] to assess the change in muscle oxidative capacity following training. The assay medium contained 100 mM Tris / HCl, 0.4 mM 5,5-dithiobos-(2-nitrobenzoic 2. Methods acid) and 2 mM acetyl-CoA to which 100 ml of muscle homogenate was added. The assay was initiated by addi-2.1. Animal care tion of oxaloacetate (4 mM, pH57 the vanadate-facilitated binding methodology [24] . This with a 12-h light / dark cycle. Chow and water were 1 1 procedure quantifies all functional Na / K pumps in provided ad libitum. At least 3 days after arrival from the skeletal and cardiac muscle [20] , using a high affinity breeder, animals were randomly assigned into either an 3 [ H]ouabain binding assay. In the present study, specimens exercise (n520) or sedentary (n520) group. of 5 mg each were taken from each muscle for the 3 determination of [ H]ouabain binding site concentration.
Exercise training protocol
Based on the mean value of each measurement performed on the two muscles each from nine exercise and nine 3 Animals from the exercise group spent at least 10-15 sedentary animals, the total concentrations of [ H]ouabain min over 2 days being familiarised to a swimming tank [50 binding sites were expressed in pmol per gramme of wet cm (L)330 cm (W)330 cm (H)] maintained at a constant weight of tissue. water temperature of 3760.18C (Grant Instruments Water Heater, Cambridge, UK). The animals from the exercise 2.4. Guinea-pig double atrial /right stellate ganglion group were manually supported below their thorax, placed preparation in the water tank and allowed to swim (in groups of 2). Daily training periods ranged from 60 to 90 min / day for 6 Immediately after removal of the mediastinum and weeks (weeks 1-2, 75 min / day for weeks 3-4, and 90 thorax, the ventricles were perfused with heparinised 21 min / day for weeks [5] [6] . Animals from the sedentary Tyrode's solution (heparin51000 U ml ), excised and group were placed simultaneously into a tank with shallow weighed. The atria and right stellate ganglion were dissecwater (3760.18C) for the same time and duration as the ted free and loose sutures (Ethicon 6 / 0 silk) were placed training period. All animals were weighed on training days on the auricles of both atria. The preparation was then prior to the experimental period.
transferred to a preheated (3760.18C), water-jacketed bath After the 6-week training period, exercised and sedencontaining 100 ml of oxygenated guinea-pig Tyrode tary animals were killed by cervical dislocation followed solution. The atria were vertically mounted with the suture by exsanguination. The thorax and mediastinum were in the left atrium connected to a stainless steel hook, and rapidly removed and placed in Tyrode's solution aerated the suture in the right atrium attached to an isometric force with 95% O / 5% CO . The left stellate ganglion and transducer (Harvard Apparatus, Model 60-2997, USA). 2 2 samples from the left ventricle and right latissimus dorsi The right stellate ganglion was placed through a pair of (primary swimming muscle) were dissected free and frozen circular platinum ring electrodes connected to a stimulator. at 2708C.
Data were collected on a Power Macintosh 7500 computer (Apple Systems, USA) using a Biopac MP100 acquisition single dose of norepinephrine was later compared with the system and Acqknowledge software (Biopac Systems Inc., same concentration of norepinephrine in the dose response USA). Heart Rate (bpm) was triggered from the upstroke curve to enable assessment of the extent to which bof each contraction, and signals were displayed in real adrenoceptor desensitisation may have occurred during the time. Data were stored on CD Rom for offline analysis.
cumulative addition of norepinephrine. has been shown to enhance Cambridge, UK). All pharmacological chemicals and evoked norepinephrine release [30] and the heart rate biochemical assay reagents were obtained from Sigma response to sympathetic nerve stimulation [6] . The right Aldrich (UK). Norepinephrine and L-arginine were added stellate ganglion was stimulated alternately at 3 and 5 Hz from 1-mM stock solution, made up prior to the experi-(10 V, 1ms pulse width) for a total of three cycles. Fresh ment using reagent grade water from an Elga water Tyrode's solution was then placed in the organ bath and v purification system. A stock solution (10 mM) of N -nitro-L-NA (100 mM) was equilibrated with the tissue for 20 L-arginine (L-NA) was made up in Tyrode's solution on the min. A second period of three cycles of alternate 3-and day of the experiment.
5-Hz sympathetic stimulation was completed in the presence of L-NA. Following the addition of fresh Tyrode's 2.6. Experimental protocols solution L-NA (100 mM) and L-arginine (1 mM) (the substrate for NOS) was applied to the preparation. After an The atria were equilibrated in Tyrode's solution for equilibration period of 20-25 min, a final three cycles of 45-90 min until the heart rate did not alter by 10 bpm over 3-and 5-Hz sympathetic stimulation was completed. The a 20 min period. Following this equilibration period, the increases in heart rate with SNS were averaged for control, stellate ganglion was stimulated at 3 Hz, 10 V, 1 ms pulse L-NA and L-NA1L-arginine at 3-Hz and 5-Hz stimulation. width for 30 s at 2-3 min intervals. Experimental protocols commenced after three consistent positive chrono-2.7. Effect of exercise training on nNOS protein levels tropic responses to ganglion stimulation were achieved.
in the stellate ganglion from exercised and sedentary The change in heart rate with SNS was calculated by guinea-pigs difference in 5-s averages in heart rate taken prior to the onset and cessation of a stimulation period.
The stellate ganglia from four sedentary and four trained guinea pigs and a sample of forebrain and intestinal 2.6.1. The effect of exercise training on the increase in endothelium from a control guinea pig were lysed in buffer heart rate with SNS containing 50 mM Tris-HCl pH 7.4, 1mM EDTA, 0.5% The right stellate ganglion was stimulated at 1, 3, 5, 7
Triton X-100, and a cocktail of protease inhibitors (Comand 10 Hz (10 V, 1 ms pulse width, 30 s duration) to plete, Roche Diagnostics, UK). Protein from the sedentary evaluate whether exercise training altered the heart rate and trained stellate ganglia were pooled into two separate response to SNS, in the isolated double atrial preparations tubes and protein concentrations measured using the Biofrom sedentary (n516) and exercised (n516) animals. A Rad DC protein assay kit. Two hundred microgrammes minimum time of 120 s was left between consecutive total protein was then separated on 12% SDS-polystimulations.
acrylamide (SDS-PAGE) gels [21] at a constant 70 V for 12 h and resolved proteins then transferred to MSI PVDF 2.6.2. The effect of exercise training on the increase in membrane (GRI, UK) using a semi-dry transfer cell heart rate with bath-applied norepinephrine following manufacturer's protocols (Bio-Rad, UK). MemThe increase in heart rate with bath-applied norepinephbranes were blocked for 12 h in 3% dried milk in PBS / rine (cumulative addition; 0.1-10 mM) was measured in 0.1% Tween-20 (PBST) at 48C, washed twice in PBST and atria from exercised (n58) and sedentary (n57) animals to incubated for 12 h in PBST containing 1% dried milk determine whether training altered the heart rate response powder and primary antibody at 48C. Blots were washed to sympathetic stimulation via a pre-or post-synaptic three times for 10 min in PBST and incubated with the mechanism. Following wash-out of the Tyrode's solution appropriate secondary HRP-conjugated antibody for 30 and a 10 min recovery period, the heart rate response to a min and then washed as before. Unless specified, all single dose of norepinephrine (1 mM) was measured incubations were done at room temperature. Antibody- (exercised n55, sedentary n54) . The response to the bound proteins were detected using luminol-based exercise training, unpaired t-tests were used to evaluate the difference between exercise and sedentary groups. For the double atrial / right stellate ganglion preparations, the difexercised group compared with the sedentary group (P, ference in the positive chronotropic response to SNS at 1, 0.05, Table 1 ). In addition, citrate synthase activity in the 3 3, 5, 7 and 10 Hz between exercised and sedentary groups latissimus dorsi and the total concentration of [ H]ouabain were compared using unpaired t-tests. A one-way repeated binding sites in the latissimus dorsi and ventricles were measures ANOVA followed by a Student Newman-Keuls significantly higher in the exercised group (P,0.05, see test for pairwise comparison was used to examine the Table 1 ). effects of L-NA and L-NA1L-arginine on the increase in heart rate with sympathetic activation in both exercise and 3.2. Effect of exercise training on the increase in heart sedentary groups. Differences in heart rate at Control, rate with SNS L-NA, L-NA1L-arginine between exercise and sedentary groups were evaluated by using an unpaired t tests were There was no difference in the baseline heart rate in the used. Statistical significance was accepted at P,0.05. isolated atria from exercised (16565 bpm, n516) and sedentary (17166 bpm; n516) animals. Fig. 1 shows representative raw data traces for the effect of sympathetic 3. Results stimulation (1, 3, 5, 7 and 10 Hz) on heart rate (bpm) in isolated atrial preparations from a sedentary (Fig. 1a ) and 3.1. Markers of the training effect an exercised (Fig. 1b) animal. The increase in heart rate with sympathetic stimulation was significantly reduced in Body weights of sedentary (585620 g; n520) and atria from exercised animals at 1, 3, 5, and 7 Hz (P,0.05). exercised (594628 g; n520) animals were similar at the Fig. 2 shows frequency response curves for the mean end of the 6 week training period. However, the ventricular positive chronotropic response to SNS (1, 3, 5, 7 and 10 weight / body weight ratio was significantly higher in the Hz) in sedentary (n516) and exercised (n516) groups. 
Role of NO on the positive chronotropic response to SNS
The non-isoform selective NOS inhibitor L-NA (100 mM) and the NO substrate L-arginine (1 mM) did not significantly alter baseline heart rate in either group. The raw data traces in Fig. 4 show the effect of NOS inhibition L-NA (100 mM) on the heart rate response to 3 Hz sympathetic nerve stimulation in atria from trained animals. In the exercised group, L-NA (100 mM) caused a small but significant (P,0.05) increase in the magnitude of the positive chronotropic response to sympathetic nerve stimulation at both 3 Hz (Fig. 5a ) and 5 Hz (Fig. 5b) . The effect was significantly reversed with excess L-arginine (100 mM L-NA11 mM L-arginine). A similar trend was observed in the sedentary animals, although this did not inhibition with L-NA and excess L-arginine (3 and 5 Hz stimulation, P,0.05; Fig. 5 ). However, for the control protocol (prior to the addition of L-NA) the heart rate 3.
Effect of exercise training on the increase in heart
response to SNS in the exercise group was significantly rate with bath-applied norepinephrine attenuated only at 5 Hz stimulation (Fig. 5) .
The EC for the positive chronotropic effect of the 3.5. nNOS protein expression, using a specific monoclonal animals (see Fig. 3 ). In addition, there was no significant antibody, in the stellate ganglia from sedentary and difference between the positive chronotropic response to exercise-trained animals. A 155 kDa protein band compatthis single dose of norepinephrine (0.1 mM) or the ible with nNOS [4] was identified in the total protein equivalent dose in the norepinephrine dose response curve (0.1 mM), for either the exercise or control groups. sample from both groups and also in a sample of guinea pig brain tissue. The level of nNOS protein was significantly higher (83% increase) in the exercised group compared to the sedentary group (control, 6.6061.63 OD, n53; exercised, 12.0761.93 OD, n54). This protein was not detected in guinea pig small intestinal endothelium, where eNOS is the main isoform of NOS present. There was no evidence of eNOS in the stellate from either group.
Discussion
We show for the first time that there is a significant peripheral component to the reduced heart rate response to cardiac SNS with training, and that this may involve a pre-synaptic mechanism since there was no difference in the HR response to bath applied NE. In the trained group, NOS inhibition significantly increased the HR response to SNS, an affect not seen in the sedentary group. In addition, the level of nNOS protein from the stellate ganglion was higher in the trained animals. These findings suggest that NO may be partly responsible for the reduction in the cardiac sympathetic response following training. The overall effect of NO however, appears to be small since the positive chronotropic response to SNS was still significantly reduced in the trained group during NOS inhibition when compared to the control response in untrained animals. chronotropic response to sympathetic activation in exercised atria at 3 and trophy [28] , and upregulates skeletal muscle Na / K 5 Hz stimulation and this effect was significantly attenuated with Lpump concentration [8, 20] . In the present study exercise arginine (*, P,0.05). Note that the heart rate response to sympathetic training increased latissimus dorsi citrate synthase activity, stimulation remained significantly attenuated during NOS inhibition (**, cance of elevated Na / K pump concentration in the sinus and increased inotropic responsiveness of the left heart and its potential correlation to physical performance ventricle to sub-maximal stimulation of the left stellate 1 1 remains unclear. Functionally, increased Na / K pump ganglion in anesthetized and vagotomised dogs [34] . concentration following training may favour skeletal musConversely, Fei et al. [13] found that L-arginine (the 1 cle performance as it enables more efficient K clearance substrate for NOS) reduced plasma norepinephrine spillof the exercise-induced hyperkalemia [7] .
over and the shortening of the effective refractory period The effect of chronic exercise on myocardial mass during ansae subclaviae stimulation in autonomically varies according to training modality, age of animals, denervated dogs. In the same preparation, Elvan and cogender, training duration and / or intensity [21] . Data from workers [12] have shown that inhibition of NOS with the longitudinal swimming and treadmill running studies in non-isoform selective NOS inhibitor L-NMMA signifirats report moderate degrees of cardiac hypertrophy decantly enhanced the effects of ansae subclaviae and fined by an increase in the heart weight / body weight ratio isoproterenol infusion on sinus cycle length and atrio- [14, 25, 27, 28] . The present study reports a 15% increase in ventricular conduction time. ventricular weight / body weight ratio in the exercised Recent studies provide evidence of a pre-synaptic group relative to the sedentary group, which is within the inhibitory action of NO on cardiac sympathetic nerve range for exercise-induced ventricular hypertrophy [21] . In activity. The selective neuronal NOS inhibitor TRIM (1-the current study, development of ventricular hypertrophy (2-Trifluoromethylphenyl-)imidazole) enhanced the magin response to training was not associated with concominitude of the positive chronotropic response to stimulation tant reduction in intrinsic heart rate.
of the right stellate ganglion, but not to infused isoprenaline in the cardiac sympathectomized and vagotom-4.2. Exercise training attenuates the heart rate response ized anesthetized rabbit [30] . Similarly, the selective to sympathetic activation in-vitro via a pre-synaptic neuronal NOS inhibitor 7-NiNa (7-nitroindazole) increased mechanism the heart rate response with cardiac sympathetic stimulation, but not with bath-applied NE, in the isolated guineaThe attenuated heart rate response to sub-maximal pig atria [6] . Taken together, these data are consistent with exercise following physical training is well established the idea that NO, synthesized from nNOS within the [2, 28] , however the mechanisms underlying the training cardiac sympathetic innervation, inhibits cardiac sympaeffect on HR are controversial. Some studies report that thetic transmission. physical training reduces both the density of b-adrenoIn the current study, the NOS inhibitor L-NA, enhanced ceptors and affinity of b-adrenoceptors agonists [23, 39] in the increase heart rate with cardiac SNS, by 11% and 5% cardiac tissue with a subsequent reduction in the chronoat 3 Hz and 5 Hz respectively in sedentary animals, tropic responsiveness to exercise and isoproterenol [17] .
however, these effects did not reach statistical significance. Others however, have shown a reduction in circulating L-NA has previously been shown to enhance the positive catecholamines during exercise following training chronotropic response to SNS in the isolated guinea-pig [10, 18, 38] . In the present study, physical training sigatria [6] . The discrepancy between these findings may nificantly reduced the heart rate response to peripheral reflect the different ages at which the animals were studied SNS. This effect could result from a pre-synaptic mechasince NOS levels may decrease during development nism because the heart rate responses to bath-applied [36, 43] . Young and Ciampoli [43] found that the number of norepinephrine were not different between the exercise and NOS-containing neurons in the mouse submucous plexus sedentary groups. These findings are consistent with decreased from 50% at postnatal day 0 to 3% in adult studies that have shown that cardiac b-adrenoceptor nummice. In the fascia dentata of the rat hippocampus the ber and agonist affinity are unaffected by physical training density of NADPH-diaphorase (a histochemical marker for [40, 41] . nNOS) positive neurons decreased by 69% between 6-and 12-month old animals [36] . Our previous findings were 4.3. NO inhibits the sympathetic control of cardiac obtained in animals that were 2-4 weeks old (pre-pubesexcitability cent; 125-150 g), whereas in the present study the animals were 8-10 weeks old (adult; 550-600 g) when they were Extensive experimental evidence supports a NO mestudied following 6 weeks training. diated inhibition of peripheral cardiac sympathetic neurotransmission in vitro and in vivo [6, 13, 29, 30, 34] . In 4.4. The role of NO in the reduced heart rate response isolated perfused rat hearts NOS inhibition with L-NA to sympathetic stimulation with exercise training significantly enhanced NE overflow with cardiac SNS [29] . This effect persisted following selective damage of the While there is extensive evidence on the role of NO in endothelium, suggesting that the source of NO may be vascular control following exercise training [15, 19] , its G neuronal. Similarly, NOS inhibition with L-NAME (Nrole in the sympathetic modulation of heart rate following nitro-L-methylester) enhanced NE levels in the coronary exercise training is unknown. In the present study, NOS 
